AGT (O 6 -alkylguanine DNA alkyltransferase) is an important DNA-repair protein that protects cells from killing and mutagenesis by alkylating agents. The AGT genes from two extremely thermophilic organisms, the bacterium Aquifex aeolicus and the archaeon Archaeoglobus fulgidus were PCR-derived and cloned into an expression vector. The nucleotide sequence of the Aq. aeolicus AGT encodes a 201-amino-acid protein with a molecular mass of 23 000 Da and Ar. fulgidus AGT codes for a 147-aminoacid protein with a molecular mass of 16 718 Da. The Aq. aeolicus and Ar. fulgidus AGTs were expressed at high levels in Escherichia coli fused to an N-terminal polyhistidine tag that allowed single-step isolation and purification by metal-affinity chromatography. Both AGTs formed inclusion bodies and were not soluble under native purification conditions. Therefore AGT isolation was performed under protein-denaturation conditions in the presence of 8.0 M urea. Soluble AGT was obtained by refolding the AGT in the presence of calf thymus DNA. Both AGTs were active in repairing O 6 -methylguanine and, at a lower rate, O 4 -methylthymine in DNA. They exhibited thermostability and optimum activity at high temperature. The thermostable AGTs, particularly that from Aq. aeolicus, were readily inactivated by the low-molecular-mass inhibitor O 6 -benzylguanine, which is currently in clinical trials to enhance cancer chemotherapy.
INTRODUCTION
AGT (O 6 -alkylguanine-DNA alkyltransferase) is a DNA-repair protein that removes alkyl adducts from the O 6 position of guanine and the O 4 position of thymine in DNA [1] [2] [3] [4] . These lesions, if not removed, are highly mutagenic and carcinogenic [5] [6] [7] . AGT repairs these DNA adducts by transferring the alkyl group on to a cysteine amino acid residue at the active site of the protein and restores DNA to its unmodified form in a single step. This reaction permanently inactivates the AGT and synthesis of new protein is required for repair of additional DNA damage. The presence of a characterized AGT gene product or a putative gene coding for AGT protein has been reported so far in more than 100 different species from the three domains of life, Archaea, Bacteria and Eukaryota, although it is not ubiquitous, apparently being absent from plants, Schizosaccharomyces pombe and Deinococcus radiodurans. All known AGTs (except a variant from Caenorhabditis elegans that has Pro-Cys-His-Pro sequence) share a highly conserved Pro-Cys-His-Arg amino acid sequence in their active site and contain a number of other conserved amino acids in the active site and DNA-binding domain of the protein [4, 8] . The widespread presence of AGTs indicates the occurrence of alkylation damage to DNA under a variety of living conditions and the need to repair such damage.
The presence of AGT protects cells from killing by methylating and chloroethylating agents, which are widely used in cancer chemotherapy. AGT is therefore an important source of the resistance of many tumour cells to these agents. Attempts are being made to circumvent this resistance by using inactivators of the protein such as O 6 -benzylguanine (BG) [9, 10] . A full understanding
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of the structure/mechanism of AGT will be useful in the further development of drugs that can specifically inactivate AGT.
Crystal structures for AGTs from three species (Escherichia coli, Homo sapiens and Pyrococcus kodakaraensis) have now been determined [11] [12] [13] [14] . These provide a general understanding of the active site and the role of certain conserved residues that allow the modelling of the repair reaction, but at present, no structure of the complex between AGT and its DNA substrate is available, and many details of the DNA binding, substrate recognition and mechanism of alkyl transfer remain unclear.
Archaea represent the third domain of living organisms and are considered to be the most primitive organisms on earth. Recent identification of DNA-repair processes in thermophilic members of the Archaea and Bacteria have revealed that they are a valuable source of proteins involved in genome maintenance that aid in our understanding of the process of DNA repair in eukaryotes and in the identification of novel repair pathways, which have diverged from common ancestors [15] [16] [17] .
Proteins from thermophilic organisms are particularly useful for the study of structure-function relationships at the molecular level because they are often stable and easily crystallized. In the present study, we report cloning, expression, purification and characterization of the AGT genes from two hyperthermophiles Aquifex aeolicus and Archaeoglobus fulgidus. Aq. aeolicus was one of the earliest diverging, most thermophilic bacteria known to date and grows at temperatures in excess of 80
• C [18] . The purified Aq. aeolicus AGT exhibited optimum activity at 70
• C and, unlike other bacterial AGTs known so far, was highly sensitive to inactivation with BG. Ar. fulgidus belongs to sulphatereducing hyperthermophilic Archaea and grows at 83
• C [19] . The
Ar. fulgidus protein with only 147 amino acids is the smallest AGT to be purified to date and showed optimum DNA repair at 80
• C.
MATERIALS AND METHODS

Materials
All oligodeoxyribonucleotides were purchased from Life Technologies (Gaithersburg, MD, U.S.A. • C for 30 s, annealing at 52
• C for 30 s and extension at 72
• C for 30 s, with a final extension at 72
• C for 5 min. The PCR products (665 bp for Aq. aeolicus AGT DNA and 503 bp for Ar. fulgidus AGT DNA) were digested with BamHI and KpnI restriction endonucleases, purified on a 1 % (w/v) agarose gel using Qiagen gel-extraction kit and ligated into pQE30 vector digested with the same enzymes. The entire coding region of both AGT plasmids was sequenced to ensure that no secondary mutations were introduced during the constructions.
Protein purification
The pQEAGT plasmids were transformed into E. coli XL1-B cells for protein expression and purification. The proteins expressed from these plasmids carry a 12-amino-acid (MRGSH 6 GS-) tag at their N-terminus. The AGTs were purified in a single step of immobilized metal-affinity chromatography by the following modification of the method described for human AGT (hAGT) [20] . Bacteria harbouring the pQEAGT plasmids were grown overnight in 10 ml of LB (Luria-Bertani) medium at 37
• C with 50 µg/ml ampicillin. The overnight grown culture was used to inoculate 500 ml of LB medium supplemented with 50 µg/ml ampicillin. The 500 ml cultures were grown at 37
• C with shaking until the culture reached a D 595 of 0.6-0.8. Protein expression was then induced by the addition of IPTG to a final concentration of 150 µM and the cells were harvested 4 h later. The cell pellets were suspended in 20 ml of 20 mM Tris/HCl (pH 8.0) and 250 mM NaCl buffer and were lysed by sonication. The soluble protein extract and pellets were collected by centrifugation at 16 000 g. Analysis by SDS/PAGE indicated that two AGTs were insoluble and recovered in the inclusion bodies. These protein pellets were suspended in 20 mM Tris/HCl (pH 8.0), 250 mM NaCl and 8.0 M urea and stirred gently at room temperature (25 • C) for 3 h to extract the proteins. The suspension was then centrifuged at 16 000 g for 30 min at 20
• C. The supernatant fraction was collected and applied to a column containing 1.0 ml of Talon IMAC resin equilibrated with the above buffer. The column was washed extensively with above buffer and the AGT was eluted with 200 mM imidazole in the same buffer. The fractions containing AGT were pooled and 3 mg of calf thymus DNA was added. The AGT/DNA mixture was dialysed first against 50 mM Tris/HCl (pH 7.6), 250 mM NaCl, 5 mM DTT (dithiothreitol), 0.1 mM EDTA and 5 % (v/v) glycerol buffer containing 5 M urea for 3 h. This was then followed by dialysis for 3 h against 2.5 M, 1.0 M and no urea in the above buffer. Both AGTs remained in solution under these refolding conditions.
Pure soluble Aq. aeolicus AGT was also obtained in the absence of DNA by refolding the protein under slightly acidic conditions. The protein isolated from the inclusion bodies as described above was then dialysed against 20 mM sodium phosphate (pH 4.5), 250 mM NaCl, 5 mM DTT, 0.1 mM EDTA and 5 % (v/v) glycerol buffer containing 8.0 M urea followed by dialysis against 5.0 M, 2.5 M, 1.0 M and no urea in the above buffer.
The purified refolded AGTs were pre-incubated at 37
• C for 12 h and were stored at 4
• C. The purified proteins were analysed by SDS/PAGE and were visualized by Coomassie Blue staining. The hAGT was purified as described previously [20] .
AGT activity assay
AGT activity was measured by determining the transfer of [8] . Purified AGT preparations were incubated with 15 µg of [ 3 H]methylated DNA substrate and 50 µg of haemocyanin in 1.0 ml of 50 mM Tris/HCl (pH 7.6), 5 mM DTT and 0.1 mM EDTA (Buffer A) for 30 min at different temperatures. The AGT reaction was terminated by addition of 7 ml of denaturation buffer [20 mM Tris/HCl (pH 7.6), 600 mM NaCl and 8 M urea] to the samples and incubation further at room temperature for 60 min. The samples were then passed through 0.45 µm (2.5 cm) pore-size nitrocellulose filters on a Millipore 12-well holder unit. The reaction tubes were washed with 5 ml of denaturation buffer, and the wash was applied on to the filters. The filters were washed twice further with fresh denaturation buffer (5.0 ml), followed by two washes with 10 % (v/v) ethanol in water (5.0 ml). The filters were dried and the radioactivity was scintillation-counted in 10 ml of Econofluor-2 (Packard Instrument Co., Downers Grove, IL, U.S.A.). AGT specific activities were determined by incubating substrate DNA with 0.01 µg of hAGT at 37
• C for 3 h, 0.1 µg of Aq. aeolicus AGT at 70
• C for 3 h and 0.1 µg of Ar. fulgidus AGT at 80 • C for 6 h. The kinetics of the methyl transfer were measured as previously described [21] . The reaction mixture (1 ml) for each time point contained 9. 
AGT inactivation by BG
Purified AGTs were incubated with different concentrations of BG in the presence of 10 µg of calf thymus DNA at 37
• C (hAGT) and 60
• C (Aq. aeolicus AGT and Ar. fulgidus AGT) for 30 min in 0.5 ml of Buffer A. The residual AGT activity was then determined as described above by incubation of the BG-incubated protein samples with [ 3 H]methylated DNA (15 µg) for 30 min at 37
• C (hAGT), 70
• C (Aq. aeolicus AGT) and 80
• C (Ar. fulgidus AGT). The results were expressed as the percentage of the AGT activity remaining, and the graphs of AGT activity remaining against inhibitor concentration were used to calculate an ED 50 value, representing the amount of inhibitor needed to produce a 50 % loss of activity.
Measurements of guanine formation from BG were carried out with Aq. aeolicus AGT purified under denaturing conditions and renatured at pH 7.6 in the presence of calf thymus DNA or renatured at pH 4.5 in the absence of DNA in Buffer A containing 0.7 µM O 6 -benzyl H]guanine (which was prepared by tritium exchange from BG [22] ), in an assay volume of 0.25 ml. After incubation for 20 min at different temperatures, the reaction was stopped by the addition of 0.5 ml of the same buffer containing 0.2 mM guanine and 0.2 mM BG. The extent of formation of [8- 3 H]guanine was determined by HPLC as described previously [21] .
RESULTS
The nucleotide sequence of the AGT gene amplified from Ar. fulgidus and Aq. aeolicus genomic DNA matched accurately with the AGT gene sequence identified from complete genome sequence analysis. The AGT gene from Aq. aeolicus codes for a protein with 201 amino acids, whereas the AGT gene from the archaeon Ar. fulgidus produces a protein with only 147 amino acids. Comparison of the primary amino acid sequence of these two proteins with human, E. coli and P. kodakaraensis AGTs shows 17 conserved amino acids (Figure 1) .
Aq. aeolicus and Ar. fulgidus AGTs were overproduced in E. coli for protein purification, but the proteins were insoluble and formed inclusion bodies under all conditions tested. The proteins could be purified to homogeneity by immobilized metal-affinity chromatography in the presence of 8 M urea. When dialysed against decreasing concentration of urea in a step-wise manner to refold the proteins, AGTs aggregated out of the solution when the concentration of urea in the dialysis buffer was lowered to 2.5 M. Addition of DNA to the protein before renaturation by step-wise decreasing of the urea allowed their isolation in a soluble form. Both AGT preparations were more than 97 % pure as analysed by SDS/PAGE and Coomassie Blue staining (Figure 2 ). AGTs were stored at 4
• C. Storage at either − 20
Both thermophilic AGTs showed increased transferase activity as the temperature of incubation of the proteins with DNA substrate was increased (Figure 3) . Aq. aeolicus AGT gave optimum repair of O 6 -methylguanine in DNA at 70
• C and at temperatures above this, the DNA-repair capacity of this protein disappeared rather quickly. Ar. fulgidus AGT exhibited maximum DNA repair at 80
• C and, unlike the bacterial Aq. aeolicus protein, showed substantial repair activity even at 100
• C. hAGT, which exhibits optimum DNA repair at about 37
• C, lost its DNA repair activity completely at temperatures above 60
• C, presumably due to denaturation of the hAGT at these temperatures.
Even at the optimal temperature, the thermophilic AGTs had much lower rate constants for repair of DNA than hAGT (1.6 × 10 5 M −1 · min −1 for Ar. fulgidus at 80
• C and 1.6
for Aq. aeolicus at 70
• C compared with 3.8 ×10 7 M −1 · min −1 for hAGT at 37
• C). To some extent, this difference may reflect the melting of the DNA substrate at high temperature, since AGTs are known to have lower repair rates with single-stranded substrates.
The thermal stability of these proteins was tested by preincubation of aliquots of these proteins at different temperatures and then assaying the remaining AGT activity by incubation for 30 min with substrate DNA at 37
• C for hAGT, 70
• C for Aq. aeolicus AGT and 80
• C for Ar. fulgidus AGT. The pre-incubation for 48 h at 37
• C did not alter the activity of the two thermostable proteins, but hAGT lost 50 % of its activity after 6 h at this temperature. More than 90 % of hAGT activity was lost after pre-incubation for only 30 min at 60
• C. In contrast, Aq. aeolicus AGT had a half-life of 12 h at 60
• C and that from Ar. fulgidus was even more stable with a 24 h half-life at 60
• C. The half-lives of these proteins at temperatures where they exhibited optimum activity were 6 h for hAGT (37
• C), 3 h for Aq. aeolicus AGT (70
• C) and 8 h for Ar. fulgidus AGT (80 • C). All of the activity studies described above measured the repair of O 6 -methylguanine in DNA. AGTs are also able to repair O 4 -methylthymine, although the rate of such repair varies significantly with the source of AGT [23] [24] [25] [26] [27] . Mammalian AGTs are particularly poor at carrying out this reaction [25, 28] . Both Aq. aeolicus and Ar. fulgidus AGTs were able to repair O 4 -methylthymine in a methylated poly(dA · dT) substrate, but they were less active than in the repair of O 6 -methylguanine. The Aq. aeolicus AGT was about 14 times less active and the Ar. fulgidus AGT was 48 times less active. These assays were carried out at the optimal temperature for repair of O 6 -methylguanine (70
• C and 80 • C respectively). At these temperatures, it is likely that the methylated poly(dA · dT) substrate used for assay of O 4 -methylthymine repair is not double-stranded, but the ratio of activities was not greatly different when both assays were carried out at 37 
30-10 000 fold better activity on O
6 -methylguanine than on O 4 -methylthymine [23] [24] [25] [26] [27] . This wide variation probably relates to the assays and substrates employed. hAGT at 37
• C showed approx. 100-fold greater activity towards O 6 -methylguanine with the substrates we employed, whereas the E. coli Ogt (AGT derived from the Ogt gene), which is known to be much less discriminatory, showed only a 3-fold difference.
Aq. aeolicus AGT and Ar. fulgidus AGT were both inactivated by BG as shown in Figure 4(A) . Aq. aeolicus AGT was more sensitive to reaction with BG with an ED 50 value of only 7.0 µM, whereas the archaeal Ar. fulgidus AGT had an ED 50 value of 200 µM. Although both proteins were less sensitive than hAGT, they are much more sensitive than the E. coli Ada-C (C-terminal domain of the Ada gene product) and that from Saccharomyces cerevisiae, which are almost totally refractory to BG, and the E. coli Ogt, which had an ED 50 of about 600 µM under these conditions [22, 29] .
The ability of the Aq. aeolicus AGT to react with BG was also demonstrated by showing that [8- 3 H]guanine was formed from O 6 -benzyl H]guanine by this protein ( Figure 4B ). This finding confirms that inactivation occurs in the same way as originally documented for the hAGT [22] by an alkyl transfer reaction at the active site of the protein generating S-benzylcysteine at the cysteine acceptor residue. The reaction with BG had a slightly lower optimal temperature (60 • C) than the repair of DNA (70 • C). Aq. aeolicus AGT isolated by refolding at pH 4.6 was less active than that renatured at pH 7.6 in the presence of DNA and had a lower optimal pH, suggesting that refolding under acidic conditions does not restore the structure as efficiently as renaturation in the presence of DNA.
DISCUSSION
Although many probable AGT sequences have been identified in genome data bases based on the presence of the PCHR (Pro-CysHis-Arg) motif around the active site, a much smaller number of such proteins have been purified and characterized, and there have been only very limited reports of the characterization of AGTs from acute thermophiles. There have been no previous reports of the properties of AGTs from thermophilic bacteria. Studies of crude extracts of several Archaea, including Sulfolobus acidocaldarius, Pyroccocus furiosus, Pyrobaculum islandicum and Thermococcus litoralis have been described [30] . These indicate the presence of AGT activity in crude extracts from these organisms and that the activities had a high optimum temperature and stability against thermodenaturation, but the extent to which other proteins present in these crude extracts contribute to these properties is unknown. So far, the only archaeal AGT that has been studied as purified protein is that from P. kodakaraensis [12, 31] . This purified protein was shown to have the capacity to repair methylated DNA at 50
• C, but was not compared in rate at other temperatures or to other AGTs. The P. kodakaraensis AGT was shown to be thermostable in a very limited study in which, after incubation for 1 h, it lost 25 % of its activity at 75
• C and 66 % at 90
• C [31] . In a more detailed biophysical analysis of its conformational stability, it was found to unfold at 98.6
• C, which is more than 50
• C greater than the melting temperature for E. coli Ada-C AGT [32] .
The recombinant thermostable AGTs from Aq. aeolicus and Ar. fulgidus were purified under denaturing conditions because both proteins formed inclusion bodies in E. coli. Soluble AGT was obtained in the form of an AGT-DNA complex, as renaturation of the protein without DNA resulted in protein precipitation. Expression of these two thermophilic proteins at 37
• C, purification and refolding at low temperature along with their high pI values (pH 9.7 for Aq. aeolicus and pH 9.8 for Ar. fulgidus compared with pH 8.1 for hAGT) could have contributed to proteinprotein interactions resulting in AGT aggregation. The presence of DNA during protein refolding may interfere with these proteinprotein interactions, resulting in the yield of soluble AGT. Although the Aq. aeolicus AGT could also be isolated in a soluble form after removal of urea at low pH in the absence of DNA, this protein was less active than that isolated in the presence of DNA, suggesting that it is not fully or correctly renatured.
The observed optimum temperature (70 • C) for DNA repair by Aq. aeolicus AGT was well below the reported growth temperature (85
• C) for this organism [18] . The protein was highly stable only up to 60
• C, suggesting that chaperone-like proteins or other stabilizing factors present in this organism are needed to keep it in an active state at the growth temperature of Aq. aeolicus. On the other hand, the optimum temperature for activity (80
• C) of the Ar. fulgidus AGT was very close to its optimal growth temperature of 83
• C [19] . The presence of AGTs and methylpurine glycosylases [33, 34] in hyperthermophilic organisms suggests they are naturally exposed to endogenous methylating agents. Several such agents have been proposed, including S-adenosylmethionine (which is known to be present in hyperthermophiles) and N-nitroso compounds [4, 35, 36] . Although such agents are chemically unstable at the high temperatures at which these organisms grow, such chemical decomposition may actually increase the extent to which they form DNA alkylation products.
Previous studies [22, 29] have indicated that AGTs from microbial sources react poorly, if at all, with the irreversible inhibitor BG, which is a powerful inactivator of mammalian AGTs [9, 22] and is currently undergoing clinical trials as an adjunct to cancer chemotherapy [10, 37, 38] . The Aq. aeolicus AGT resembles the mammalian AGTs in its sensitivity to BG and is the first bacterial AGT reported to exhibit this property. The original concept leading to the synthesis of BG was that it would serve as a substrate for the protein because of the ability of the benzyl group to enter into a bimolecular displacement reaction with the active-site cysteine residue [9] . Subsequent studies by biochemical, site-directed mutagenesis and structural approaches [13, 14, 22, 39, 40] suggest that its ability to benzylate this cysteine requires its binding in the active-site pocket and that a major component of this binding is an interaction with the side chain of residue Pro 140 (residue numbers in AGT referred to in the text are based on the hAGT sequence in Figure 1 ) in hAGT (Figure 1 ). This proline residue is absent in many microbial AGTs, but is present in both the Aq. aeolicus and the Ar. fulgidus AGTs, which is consistent with the hypothesis for the activity of BG described above and the sensitivity to BG of these AGTs shown in Figure 4 .
Another factor that determines sensitivity to BG is the size of the active-site pocket, which, in some cases, is too small to readily accommodate the inhibitor [13, 14, 39, 41] . Aq. aeolicus and Ar. fulgidus AGTs resemble hAGT in the presence of a glycine residue at position Gly 156 ( Figure 4 ). This orients the surface of the substrate-binding pocket allowing adequate space to bind BG. An additional steric factor contributing to the resistance of Ada-C and some other microbial AGTs to BG is the bulky side chain of the tryptophan residue that occurs in a RWG (Arg-Trp-Gly) sequence equivalent to SGG (Ser-Gly-Gly) at residues 159-161 in hAGT [39] . This tryptophan residue is absent in the Aq. aeolicus and the Ar. fulgidus proteins. However, Ar. fulgidus AGT, which was less sensitive to BG than that from Aq. aeolicus, has an insert of a stretch of six extra amino acids in this region (Figure 1 ). This is a unique feature not found in any other AGT (including the other archaeal AGTs), and may account for its diminished reaction with BG compared with Aq. aeolicus.
Crystal structures are available for three AGTs (E. coli Ada-C, human and P. kodakaraensis) [11] [12] [13] [14] . These structural studies have indicated that the protein contains two domains. The role of the N-terminal domain, which is represented by residues 1-85 in hAGT, is unclear, but it is essential for AGT stability and for the correct orientation of the C-terminal domain. There is no obvious similarity in the residues in this domain between the five AGTs shown in Figure 1 , although the structural studies show that its overall structure is quite similar between the Ada-C, hAGT and P. kodakaraensis AGTs. It has been proposed that the thermostability of the latter protein is due to the presence of intra-and inter-helix ion pairs. The residues forming these ion pairs, which are indicated in Figure 1 , are frequently, although not invariantly, conserved between the P. kodakaraensis AGT and those from Aq. aeolicus and the Ar. fulgidus. In several cases where they are not conserved, a minor change in the alignment (which is not very definitive in the N-terminal domain in which there are so few common residues) indicates other charged residues that could fulfil this requirement.
The C-terminal domain of the AGT contains the active-site binding pocket and the DNA binding domain which is a winged helix-turn-helix motif [3, 11] . All of the 17 fully conserved residues of the Aq. aeolicus and Ar. fulgidus AGTs are present in this domain (Figure 1 ), including the key structural residue Asn 137 that stabilizes a tight turn, which is a critical part of the hinge region between the two domains [13] . The cysteine acceptor site of AGTs is buried in the protein and, in order for reaction with a DNA substrate to take place, the substrate O 6 -alkylguanine must be displaced from the DNA helix [3] . This nucleoside flipping requires the insertion of an amino acid residue into the DNA to displace the base. This role is filled by Arg 128 [13, 42] , which is one of the fully conserved residues.
The active-site acceptor cysteine residue in AGTs has a low pK a consistent with a thiolate anion [43] and is highly reactive with electrophiles. This reactivity is likely to result from a concerted action of a network of amino acids and a bound water linking residues His 146 , Arg 147 and Glu 172 to Cys 145 [13] . All of these residues are conserved, as is Tyr 114 , which is involved in both DNA binding and in the facilitation of the alkyl transfer reaction probably by acting to protonate the guanine substrate at the N3 position [44] .
The features of the AGT active site allowing good reaction with O 4 -methylthymine are not well understood, although some attempts have been made to mutate hAGT to facilitate its very poor reaction with this pyrimidine [27] . The E. coli Ada and Ogt AGTs are much better than hAGT in the repair of O 4 -methylthymine [24, 26] . The thermostable AGTs showed intermediate activity, but these proteins (especially that from Aq. aeolicus) are more like the E. coli AGTs in being competent to repair O 4 -methylthymine. The residues in the substrate-binding pocket located at positions 144-164 in hAGT are those which influence the reaction with O 4 -methylthymine, since altering these residues to those present in Ogt changes the specificity to that of Ogt (K. Goodtzova, S. Kanugula and A. E. Pegg, unpublished work). The sequences of the thermostable AGTs differ significantly from both hAGT and the E. coli AGTs in this region (Figure 1 ). Of particular interest is the replacement of Ser 152 by a basic residue since Ser 152 → Arg was one of the mutations in the active site of hAGT that was found to improve reaction with O 4 -methylthymine by Encell and Loeb [27] .
In summary, two novel thermostable AGTs from Archaea and Bacteria were purified and characterized. Apart from their thermal stability, each of these proteins have novel features that may advance the study of direct repair of alkylation damage and its role in protecting cells from environmental and therapeutic alkylating agents. It is noteworthy that Aq. aeolicus, which was identified as the most primitive bacterium [18] , has an AGT that resembles the mammalian AGTs more closely than other bacterial equivalents with respect to sensitivity to BG. Further study of this thermostable protein with respect to inactivation by such pseudosubstrates may provide a useful model system for this reaction. The archaeal Ar. fulgidus AGT is the smallest well-characterized AGT yet described with only 147 amino acids, and its remarkable optimum temperature and stability also offers advantages for further study of the AGT reaction.
